Global change drivers, such as climate and land use, may profoundly influence body 20 size, density, and biomass of organisms. It is still poorly understood how these 21 concurrent drivers interact in affecting ecological communities. We present results of 22 31 32 Keywords 33 body size | climate change | global change | land-use intensification | soil fauna 34 35
an experimental field study assessing the interactive effects of climate change and 23 land-use intensification on body size, density, and biomass of soil microarthropods. 24 We found that both climate change and intensive land use decreased their total 25 biomass. Strikingly, this reduction was realized via two dissimilar pathways: climate 26 change reduced mean body size, while intensive land use decreased population size. 27 These findings highlight that two of the most pervasive global change drivers operate 28 via different pathways when decreasing soil animal biomass. These shifts in soil 29 communities may threaten essential ecosystem functions like organic matter turnover 30 and nutrient cycling in future ecosystems. current extensive land-use regimes do not mitigate detrimental climate change effects Introduction 51 Anthropogenic environmental changes are altering ecological communities and 52 ecosystem functions (Chapin et al., 2000; Sala et al., 2000) . As one of the most 53 pervasive drivers, climate may change the functioning and evolutionary adaptations of 54 communities (Briones et al., 2009; Hoffmann and Sgró, 2011) . For instance, climate 55 change can have substantial influences on population-level phenotypic trait expression 56 of organisms, such as shifts in morphology, i.e. body size and shape (Gardner et al., 57 2011).
( Bardgett and Van Der Putten, 2014; Flynn et al., 2009; Postma-Blaauw et al., 2010) , 89 consequently threatening the functioning of soils and the ecosystem services that they 90 deliver, like soil fertility and nutrient dynamics (Beare et al., 1992; de Vries et al., 91 2013; Yin et al., 2019a) , which may be fed back to primary production (Cardinale et 92 al., 2004) . Furthermore, intensive land use can have implications for trait diversity 93 and the composition in above-and belowground arthropod communities (Birkhofer et 94 al., 2017a) . For example, frequent perturbations in intensive land use may select for 95 soil microarthropods with particular life-history traits, such as r-strategists with high 96 reproduction rates and small body size. 97 98 Taken together, both climate change and intensive land use may decrease the biomass 99 of soil microarthropods by reducing their mean body size and population density. 100 Such changes in soil communities would be alarming given that many important 101 ecosystem functions are determined by the biomass of organisms in the soil (Höfer et 102 al., 2001; Horwath, 1984; Petersen and Luxton, 1982) . Moreover, climate change 103 effects on soil communities and their functions can be dependent on environmental 104 contexts, such as different land-use regimes (De Vries et al., 2012; Foley et al., 2005;  Study site 134 The Global Change Experimental Facility (GCEF) is a large field research platform of 135 the Helmholtz-Center for Environmental Research (UFZ), which is located in Bad 136 Lauchstädt, Germany (51° 23' 30N, 11° 52' 49E, 116 m a.s.l.) and was established on a 137 former arable field with the last cultivation in 2012. This arable field is characterized by 138 a low mean annual precipitation of 498 mm and a mean temperature of 8.9°C. The soil 139 is a Haplic Chernozem with neutral pH (5.8 -7.5), high nutrient contents (i.e., total 140 carbon and total nitrogen varied between 1.71 -2.09% and 0.15 -0.18%, respectively), 141 and humus content of 2% reaching down to a depth > 40 cm. The soil is known for high 142 water storage capacity (31.2%) and density (1.35 g/cm 3 ), ensuring a relatively low 143 sensitivity to drought stress (Altermann et al., 2005; WRB, 2007) .
145
Experimental set-up 146 The GCEF platform was designed to investigate the effects of future climatic 147 conditions on ecosystem processes under different land-use regimes (Schä dler et al., 148 2019). Each of the ten main-plots was divided into five sub-plots (16 m x 24 m), 149 resulting in 50 sub-plots in total. The five sub-plots within each main-plot were 150 randomly assigned to one of the five land-use regimes: (1) conventional farming, (2) 151 organic farming, (3) intensively-used meadow, (4) extensively-used meadow, and (5) 152 extensively-used pasture (grazed by sheep). Half of the main-plots are subjected to an 153 ambient climate scenario, the other half to a future climate scenario ( Fig. S1b, 1c ). summer and autumn of 2013. The intensive meadow is a conventionally used mixture 157 of forage grasses (20% Lolium perenne, 50% Festulolium, 20% Dactylis glomerata, 158 and 10% Poa pratensis). Within the study period, winter wheat (2015) and winter 159 barley (2016) were grown in these two croplands. In extensively-used meadow and 160 pasture, we repeatedly sowed target plant seeds (legumes, grasses and 161 non-leguminous dicots) during spring and autumn of 2014. For detailed description 162 see Table S1 . 163 
164
The climate treatment is based on a consensus scenario for Central Germany in the 165 period from 2070 to 2100, which was derived from 12 climate simulations based on 166 four different emission scenarios using three established regional climate models: All main-plots are equipped with steel framework elements (5.50 m height) to account 175 for possible side effects of the construction itself. Main-plots that are subject to future climate are further equipped with mobile shelters, side panels, and rain sensors to 177 allow for alterations in precipitation amounts. Shelters were automatically closed from 178 sundown to sunrise to increase night temperature (Beier et al., 2004) . The night 179 closing during these periods increased the mean daily air temperature at 5 cm-height 180 by 0.55°C, as well as the mean daily soil temperature in 1 cm-and 15 cm-depth by 181 0.62°C and 0.50°C, respectively. By using an irrigation system, we added rain water 182 to achieve ~110% of ambient rainfall to the main-plots with future climate in spring 183 and autumn. Additionally, the rain sensors associated with the irrigation system were 184 used to regulate precipitation on the future climate main-plots to ~80% of ambient 185 rainfall in summer. As a result, precipitation was increased by 9.2% to 13.6% in 186 spring and autumn and decreased by 19.7% to 21.0% in summer in both years, University Edition v9.4) to analyze these response variables as affected by the 218 experimental treatments: climate (2 levels) was analyzed at the main-plot factor and 219 land use (5 levels) and its interaction with climate were tested at the sub-plot factor. While these effects represented the between-subject model, the within-subject model 221 accounts for the covariance structure of the residuals due to repeated measures 222 (repeated measures with 3 sampling events). Post-hoc Tukey's HSD tests were carried 223 out to reveal significant differences among means.
224 225 Furthermore, we ran structural equation models using the piecewiseSEM package 226 (Lefcheck, 2016) to disentangle the pathways by which climate and land use affect the 227 total biomass of soil microarthropods ( Fig. 2a ). By using piecewiseSEM, we were able 228 to account for the hierarchical study design, to test for interaction effects, and to 229 include random effects (Lefcheck, 2016) . More precisely, we employed structural We reduced the number of variables using the Akaike Information Criterion (AIC), 244 which is implemented in the piecewiseSEM package. A minimum change of 2 AIC 245 units was used as a prerequisite for each simplification step. Further, we reported the 246 standardized coefficient for each path of both models (i.e. the full conceptual model 247 and the reduced final model) (Table S2 , Fig. 2a, b ). The overall fit of the models was 248 evaluated by using Shipley's test of d-separation obtained through Fisher's C statistic 249 (Table S3 , Fig. 2b ). The statistical analyses for the structural equation modeling were 250 performed using the R statistical software (R Core Team, 2017). Table 1a ), which was mainly driven by the reduced body size of Collembola but 256 not Acari ( Fig. 1a, 1b Intensive land use reduces the density of soil microarthropods 263 Land-use intensification dramatically decreased the density of microarthropods by 264 ~47% from the extensively-used meadow to conventional farming ( Fig. 2a; Table 1b ), which was driven by the decreased density of Acari ( Fig. 2b ; Table 1b ). All observed 266 Acari orders, i.e., Oribatida, Mesostigmata and Prostigmata decreased their population 267 density in response to land-use intensification from meadows to croplands ( Fig. S3a-c; 268 Table S4b ). However, climate effects on microarthropods were negligible, specifically, 269 future climate only marginally decreased the density of Collembola ( Fig. 2c ; Table   270 1b), which was caused by a significant decrease in the density of Isotomidae ( Fig. S3d; 271 Table S4b ). The total biomass of microarthropods was significantly affected by both global 276 change factors (Table 1) . Specifically, climate change significantly reduced the 277 biomass of microarthropods by ~17% ( Fig. 3a ; Table 1c ). The same decreasing 278 pattern was found for the biomass of Acari ( Fig. 3b ; Table 1c) Table S4c ); whereas the total 281 biomass of Collembola was only marginally decreased by future climate (Table 1c) , 282 which was driven by a significant decrease in total biomass of Isotomidae ( Fig. S4c; 283 Table S4c ). Additionally, the total biomass of microarthopods sharply decreased by 284 ~37% from the extensively-used meadow to conventional farming ( Fig. 3d ; Table 1c ), 285 which was driven by the decreased biomass of Acari ( Fig. 3e; Table 1c ), specifically, 286 the total biomass of dominant Acari orders, i.e., Oribatida and Mesotigmata significantly decreased in response to land-use intensification from grasslands to 288 croplands ( Fig. S4d-e 296 SEM results revealed that climate change and intensive land use reduced the biomass 297 of soil microarthropods via two different pathways. While biomass loss caused by 298 future climate was mediated by reduced body size, biomass loss caused by intensive 299 land use was mediated by decreased density (Fig. 2b , Table S2 ). Reduction in body size is supposed to be a universal response of animals to climate 329 change, which is supported by the ecological rules dealing with temperature-size relationships, i.e., Bergmann's rule (Bergmann, 1848), James' rule (James, 1970) , and 331 Temperature-size rule (Atkinson, 1994) , stating that warmer conditions would lead to 332 organisms with smaller body size (Gardner et al., 2011) . This phenotypical plasticity 333 is one of the most taxonomically widespread patterns in biology (Forster et al., 2012) . 334 It's worth noting that the effects on the reduced body size with increased temperatures 335 are more profound in Collembola communities than Acari communities in our study. 336 The projected future climate significantly decreased the body size of total Collembola 337 and their most dominant families, i.e., Isotomidae, Entomobryidae and 338 Sminthurididae; but the effects on the body size of total Acari were less, only showing 339 the tendency to decrease in Oribatida and Mesostigamata. This finding might be 340 supported by some other studies, which have shown that Collembola were more 341 susceptible to warming than Acari, and Acari generally would take longer time to 342 respond to climate change (Makkonen et al., 2011; Vestergå rd et al., 2015; Yin et al., 2019b) . and more accessible food sources, can maintain higher densities of soil organisms 364 (Alvarez et al., 2001; Nyawira Muchane, 2012; Scherber et al., 2010) . Accordingly, 365 we found significantly higher levels of microarthropod biomass in grasslands than in 366 croplands, which is supported by previous studies (e.g., de Groot et al., 2016) . It is often suggested that extensive land use may effectively mitigate climate change 371 effects due to higher (above-and below-ground) diversity and lower anthropogenic 372 disturbance (Isbell et al., 2017; Oliver et al., 2016) . Accordingly, we hypothesized the 373 detrimental effects of climate change on soil microarthropods could be particularly strong in intensive land use, whereas they could be compensated by extensive land 375 use. In contrast to this hypothesis, we did not observe any significant interaction 376 effects of climate and land use on body size, density, and total biomass of soil 377 microarthopods. These results showed that the effects of climate change on soil 378 microarthropods were consistent across different land-use regimes, suggesting that 379 detrimental climate change effects will not be exacerbated by intensive land use, nor the reduced total biomass of soil microarthropods may have a wide range of 418 ecological implications, as their biomass is known to be linked to several ecosystem functions and services (e.g., litter decomposition and nutrient cycling) and is therefore 420 likely to trigger indirect effects of climate and land use on soil ecosystem functioning 421 (Woodward et al., 2005) . We encourage future studies to explore the links between 422 these observed soil community changes and soil ecological processes as well as to 423 explore novel management options that increase the population sizes, and thus total 424 biomass, of soil microarthropods to mitigate climate change effects on the functioning 425 of soils. A typical regional crop rotation consisting of winter rape, winter wheat and winter barley with the application of mineral fertilizers and pesticides.
Pathways of biomass decrease in soil microarthropods

Organic farming (OF)
A crop rotation aiming to maintain soil fertility, minimize measures of pest and weed control, and provide an environmentally friendly management of agro-ecosystems with mechanical weed control, organic fertilization, non-stained seeds and restricted use of pesticides.
Intensively-used meadow (IM)
Conventional used mixture of forage grasses with moderate fertilization and frequent mowing (3-4 times per year).
Extensively-used meadow (EM)
A wide range of native common grasses, herbs and legumes (totally consisting 50 plant species, for each species seeds were sampled from different local populations to reflect to local gene pool and to introduce genetic variability) with moderate mowing (2-3 times per year) and no fertilization.
Extensively-used pasture (EP)
Plant species composition and land management as the same as extensively used meadows (see above), but with sheep grazing (2-3 grazing periods per year with a group of 20 sheep grazing for 24 hours). Mesostigmata (e). * and † denote significant (P < 0.05) and marginal (P < 0.10) differences between climate scenarios, respectively. 724 Boxplots show the median (horizontal line), the mean (red dot), first and third quartile (rectangle), 1.5 × interquartile range (whiskers), 725 and outliers (isolated white dots). 
